Lab on a Chip
Introduction
Most microfluidic devices are made by bonding one or more layers of molded polydimethylsiloxane (PDMS). PDMS, though versatile, is incompatible with high pressures and some organic solvents. 1 For these applications, glass and polymer microfluidics can be fabricated by embossing, injection molding, and laser or x-ray ablation 1, 2 . However, these methods are generally similar to soft lithography in that they produce open channels with a fixed depth and vertical walls that are closed by bonding to a substrate. The bonding process requires precise alignment, so that the fabrication time and the probability of a leak scale with the number of layers bonded. The bonding problem may be avoided by using techniques for creating monolithic multilayer devices, of which there are four: two-photon femtosecond laser micromachining, direct 3D-printing, fugitive ink deposition, and sacrificial molding.
Femtosecond micromachining allows the ablation of transparent polymers at a focal point within their volume. It has resolution on the order of nanometers, but, like 3D printing, is an inherently serial process. Fabrication time is proportional to channel volume, and the depth of features that can be machined is limited by the working distance of the objective. 3 Femtosecond lasers are also quite expensive, which has likely limited their use in academic settings for the development of microfluidics.
Layer-by-layer 3D printing of microfluidic devices was demonstrated at least as early as 2005. 4 Reports of 3D-printed microfluidic devices have increased over the past few years [5] [6] [7] [8] [9] [10] [11] [12] [13] and can be attributed in part to improvements in the cost, performance, and availability of 3D printers and 3D printing services. Commercial layer-by-layer printers can achieve resolution on the order of tens of microns, but printing at higher resolution generally requires a more expensive printer and a longer build time. 14 Also, the resolution specification is not necessarily equal to the minimum buildable channel dimension. For example, Au et al. 9 found that channels less than 400 µm wide fabricated via stereolithography could not reliably be cleared of resin. Although layer-by-layer printing can be performed with many different materials, including hydrogels,
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3D printing services offer a limited choice of materials, which may lack the mechanical, chemical, and optical properties required for any given application.
3D microfluidics can also be fabricated via fugitive ink deposition, in which filaments of a sacrificial "fugitive" ink are extruded through a nozzle into a fluid reservoir. After the printing process is complete, the reservoir is cured and the ink PAGE 2
is removed via suction. Wax [16] [17] [18] [19] and hydrogel [20] [21] [22] fugitive inks have been used for applications in microfluidic and tissue engineering. Although these inks can be extruded at room temperature, their low stiffness means that cantilevered or spanning filaments require a supporting fluid reservoir.
Sacrificial molding is conceptually similar to fugitive ink deposition but uses a stiff material, so that the construct can be built without the support of a liquid reservoir. Miller et al. recently demonstrated the use of a modified 3D printer to pattern a lattice of sacrificial carbohydrate glass, which was then used as a sacrificial mold to create vascular channels in a variety of cell-laden gels. 23 It is apparent from videos of the process 24 that due to the high feed rate and flow rate, the filaments did not cool immediately upon exiting the nozzle, but drooped until they rested on the substrate or on previously printed filaments. All of the printed filaments started and ended on the substrate, and there was no demonstration that filaments could be branched (started from existing filaments) or cantilevered. We show that by precisely controlling the temperature and extrusion pressure and using a low feed rate, it is possible to pattern filaments of a carbohydrate glass along 3D paths with minimal drooping and bleeding of the material. New filaments can originate from existing filaments and can terminate at existing filaments or in free space, forming a cantilever. The diameter can be controlled by varying the rate of extrusion relative to the rate of translation, and input and output ports can be formed directly as part of the build process. Thus, we show that sacrificial molding of a 3D-printed construct is a practical method for creating monolithic microfluidic devices with controlled flows in media that can be cast at low temperatures.
Materials and methods

Preparation of Carbohydrate Glass
For our sacrificial mold we used isomalt (galenIQ 990, BeneoPalatinit GmbH), a sugar alcohol commonly used as an artificial sweetener. When cooled rapidly to below its glass transition temperature of 55 °C, isomalt forms a stiff, optically clear glass that is resistant to recrystallization. 25 Crystallization can be further inhibited by reducing the water content. 26 We found that isomalt boiled to 195 °C resisted crystallization in the extruder during the printing process. The flexural modulus of cast isomalt samples was measured using a 4-point bending test and found to be 2.6 GPa (Supplementary Table 1 ).
Generator Design
The structure of our mixture generator is similar to that given by Walker et. al. 27 The geometry and equivalent circuit of the mixture generator are shown in Figure 1 . The two components of each mixture originate from a feed channel and pass through a throttling channel before meeting at the output channel.
The resistances and the net flow through all of the output channels are set equal, so the pressure drop between the inlet and the meeting of each throttling channel is also equal. Under this condition, at each bifurcation of each feed channel, the ratio of the output flow ܳ ௨௧ and the downstream flow ܳ − ܳ is determined by the resistance of the throttling channel ܴ and the effective downstream resistance. The resistance of the feed channel between bifurcations is constant and assigned a value of 1. Therefore,
Solving for Rn+1,
Qn and Qi are known. R0 must be chosen such that none of the computed resistances are negative. The relationship between diameter, length, and resistance in a round tube under laminar flow conditions (i.e., Poiseuille flow) is given by
Using this relationship, we selected R0 such that the smallest diameter used in the design was 25% of the largest diameter. Thus, the feed channels were 1 mm in diameter while the smallest throttling channel was 250 µm in diameter. The mixing ratios were chosen to be 100:1, 31.6:1. 10:1, 3.16:1, and their reciprocals.
CAD Processing
The AutoCAD .dxf file was parsed by purpose-written scripts into a set of toolpaths, defined as a sequence of XYZ coordinates to be passed at prescribed times. The order in which to print the filaments must satisfy two conditions: each printed filament must start either on the substrate or an existing filament, and no path traversed by the nozzle can collide with an existing filament. The simplicity of the design allowed us to choose the printing order manually, though it is also possible to choose the order algorithmically.
Diameter Calibration
For any given volumetric flow rate ܳ, the diameter of a cylindrical filament is given by the conservation of mass relation
where D is the diameter and ‫ݒ‬ is the feed rate. Under laminar flow conditions, Q is directly proportional to the pressure drop across the nozzle and inversely proportional to the fluid viscosity. 28 Therefore,
Where Pn is pressure inside the nozzle, Pf the pressure inside the filament at the nozzle exit, and ߟ the fluid viscosity. Pf and η are dependent upon temperature and, as we discuss later, the spatiotemporal temperature profile of an extruded filament is dependent upon diameter. This means that diameter cannot be calculated based on feed rate alone. In order to determine what feed rate should be applied to achieve each design diameter, we printed a series of horizontal filaments at different feed rates and measured the diameter optically. Images were acquired at 5× magnification on a light microscope (Axio Imager, Zeiss).
The line detection utility in the LabVIEW Vision package (National Instruments) was used to fit a line to either edge of the channel, and the distance between lines was taken as the filament diameter. The feed rate for each channel within the device was determined by fitting a cubic spline to the calibration points and interpolating the feed rate values for the desired diameters. These calibration points are shown in Figure  2 (a).
Printing
The printer was custom-built using precision stages (Aerotech ANT-160, ATS-100) and a heated piston-style extruder. Extrusion pressure was monitored using a hot-melt transducer (MPI MN207) and used in a servo loop to control the piston position. The use of pressure feedback in conjunction with a low-compliance piston extruder allows pressure to be applied and removed very quickly-within 250 ms (Supplementary Figure S4) . By using a very low flow rate and a very fast means of turning the flow on and off, deposition of unwanted material is minimized. This closed-loop pressure feedback is essential to precise flow control and, to our knowledge, has not been implemented on any commercial or previously reported 3D printers. The details of this pressure control scheme are provided in the supplementary information.
The extruder temperature was set to 115 °C. In order to facilitate adhesion to the substrate, the X-Y stage was heated to 60 °C, near the glass transition temperature of isomalt, when printing the filaments attached to the substrate. For the generator shown, we used a tapered 150-µm nickel-silver micronozzle (Subrex) and an extrusion pressure of 25 psi. Printing took about one hour. Video from a camera aligned with the printer Y axis showed that filaments drooped less than 200 µm below the nozzle during printing. 
Page 4 of 8 Lab on a Chip
Lab on a Chip Accepted Manuscript
Epoxy Casting
The printed mold was inverted and placed in a flexible silicone cavity. Epoxy resin (EpoxAcast, Smooth-On) was mixed and poured into the mold so that it wet the glass substrate. After curing overnight, isomalt was removed from the cured construct under via dissolution in water. Dissolution was complete after immersion in still water at room temperature for 36 hours, sonication in water at 41 °C for 16 hours, or immersion in boiling water for 3 hours.
Agarose Casting
Preliminary experiments showed that immersion of isomalt in aqueous solutions resulted in dissolution within seconds or minutes. In order to preserve the channels long enough for the gel to set, we coated the mold with a thin layer of polycaprolactone. Polycaprolactone (Mn 80,000, SigmaAldrich) was dissolved at 5% w/v in dichloromethane. The mold was dipped in this solution and removed, depositing a thin film of polycaprolactone around the isomalt. A 3% agarose gel was then cast around the mold. The channels were clear of isomalt within 30 minutes of casting.
Channel Dimensions
The finished device was filled with food dye and imaged at 5× magnification a light microscope (Axio Imager, Zeiss). In order to capture variation in the channel diameters, the caliper function in the LabVIEW Vision development kit was used to measure the distance between edges for each row of pixels perpendicular to each channel.
Device Performance
The performance of the epoxy mixture generator was measured using aqueous solutions of two dyes, tetrazine and Coomassie brilliant blue R-250 (Sigma-Aldrich). A syringe pump (Fusion 200, Chemyx) was used to pump the two dyes through the device and the outputs were collected in acrylic cuvettes (Brand Tech Scientific). Optical absorbance values between 275 and 750 nm were measured using a UV-visible spectrometer (GeneQuant 1300, General Electric). The ratio of the tetrazine solution to the Coomassie blue solution for each output was determined by minimizing the squared error for the overconstrained system of equations
where ‫ݔ‬ is the proportion of tetrazine solution, a i is the absorbance of tetrazine, bi is the absorbance of Coomassie blue, and ci is the absorbance of the output at wavelength i.
Results
The calibration curve for the relationship between pressure and feed rate is shown in Figure 2 (a). Based on equation (6), a constant flowrate Q would result in a straight line on the plot of
. This "zero-loss condition" can be estimated by applying a linear fit to the data points for which the filament diameter is less than the nozzle diameter. For filament diameters greater than the nozzle diameter, Q decreases monotonically with D. This can be explained as follows.
The extruder pressure ܲ is precisely controlled by a servo loop and can be regarded as independent of any other variables. Temperature, however, is controlled using a sensor on the surface of the extruder, and the temperature near the nozzle exit is not equal to the temperature measured by this sensor. The dependence of Q on D can be explained in part through the effect of temperature on Pf and η.
The nozzle loses heat via conduction to the filament, and a thicker filament will remove heat faster than a thin filament. This causes a local temperature decrease at the nozzle tip, which is effectively invisible to the temperature controller. The viscosity η of isomalt increases exponentially with temperature. 29 Therefore, a slight decrease in temperature at the nozzle tip would decrease Q and therefore decrease D. This 
Pf, the pressure inside the filament, can be attributed to surface tension ߛ, and is inversely related to diameter.
Although thicker filaments have larger radii of curvature, they are also subject to more rapid cooling via conduction down the filament and free convection from the surface. Surface tension for most materials decreases with temperature. Thus, a thick filament might exhibit increased Pf relative to a thin filament due to a much cooler surface.
The agreement between predicted and measured channel diameters is shown in Figure 2 (b). As is apparent in Figure  1 (c), we found that the diameter of the channels became smaller near the channel junctions. For shorter channels, this would be expected to decrease the average diameter and restrict flow. Indeed, the shortest channels, designed to be 2 mm long and about 475 µm in diameter, showed the greatest negative deviation from the design diameter.
Channels of similar design dimensions had very similar measured diameters, and the deviation from the design diameters became more negative at higher diameters. This suggests some systematic error, which may be due to slight changes in material properties. Crystallization or degradation due to extended time in the extruder and differences in the water content of the isomalt feedstock are two factors that could influence the material rheology and cause time-or batchdependent changes in the relationship between feed rate and diameter.
The performance of the epoxy mixture generator is shown in Figure 2 (a). The device achieved good linearity over the entire range of operation (ܴ ଶ = 0.9925). The volume of each mixture collected is shown in Figure 2 (b). The deviation from the design values can be attributed to the error in the channel diameters and neglect of bending losses in the design calculation. Bending losses in microfluidic devices increase monotonically with mass flow rate. 30 For a larger channel with lower frictional (major) losses, bending (minor) losses will constitute a larger proportion of the total pressure loss. The net effect would be to decrease the relative flow through larger channels, causing error in the output ratios such that they are closer to 1:1. This is consistent with the data, but is easily explained by error in the channel diameters themselves as well.
Discussion
We have demonstrated a means of fabricating free-standing, 3D, branched and cantilevered filament networks using a stiff, water-soluble, biocompatible material. An immediate application of this process is monolithic microfluidic devices, for which it offers advantages in certain applications. For example, cylindrical channels minimize the channel surface area for any given volume, limiting adsorption to the channel walls. Hydrodynamic focusing is more easily implemented in round channels than rectangular channels and allows confinement of suspended analytes like cells to a small region within the center of the channel. 31 The fixed channel height inherent in lamination-based processes limits the range of channel resistance per unit length; thus, microfluidic mixture and dilution generators can require very long, serpentine channels in order to achieve a large range of mixing ratios. 32 This process, which can produce channels with a resistance per unit length spanning at least 4 orders of magnitude, can simplify the design of such devices and reduce their 2D footprint. The device presented here can be reconfigured to produce different mixing ratios by changing only the diameters, with no need to change the topology.
Sacrificial molding can create complex networks of round channels in a variety of media, which may prove useful for recapitulating physiological flows, stresses, and strains. Sacrificial molds can also be dissolved very quickly in hydrogels, enabling rapid perfusion of large constructs before hypoxia occurs. A potential pitfall, however, is the effect of dissolved mold material on encapsulated cells. We found that isomalt filaments with diameters on the order of 100 µm dissolve completely in seconds to minutes, requiring the application of a thin layer of polylactide or polycaprolactone to the sacrificial mold in order to preserve the cylindrical channels while the gel sets. However, polylactide and polycaprolactone are permeable to water. 33 Using an epoxy matrix, we found that immersion in water at room temperature required 36 hours to clear the carbohydrate glass. The same glass clears in less than 30 minutes when coated in polycaprolactone and cast in agarose. We take this as evidence that isomalt diffuses through the polymer layer, whereas the agarose or other gelling agent does not. This allows for very rapid perfusion of vascularized constructs; however, if the volume of the vasculature is sufficiently large relative to the total volume of the construct, the resulting large concentration of sugars or sugar alcohols could have toxic effects. Using a soluble material of higher molecular weight, such as polyvinyl alcohol or thermoplastic starch, could reduce the potential metabolic effects of large concentrations of sugars and sugar alcohols.
Conclusions
In summary, we have demonstrated that 3D printing of the water-soluble sugar alcohol isomalt enables the facile fabrication of 3D branching cylindrical channels in monolithic microfluidic devices. This may find application in the rapid prototyping of chips for synthetic and analytical chemistry as well as in tissue engineering, where there is often a need to fabricate cylindrical microchannels in soft media.
